Objective: We aimed to investigate the number of CPCs in ACS compared with those with stable coronary artery disease (CAD), relationship between bone marrow PCs and CPCs, and whether CPC counts predict mortality in patients with ACS.
A cute coronary syndromes (ACS) are unpredictable events that occur in patients with coronary artery disease (CAD) as a result of intravascular thrombosis on an acutely disrupted atherosclerotic plaque. There is extensive experimental evidence to demonstrate that circulating progenitor cells (CPCs) and resident stem cells contribute to ventricular recovery and remodeling after an acute ischemic event.
1,2 CPCs are mononuclear cells, largely derived from the bone marrow that can be quantified in the peripheral blood using flow cytometry. CD34-expressing mononuclear cells have the potential to differentiate into diverse phenotypes, including hematopoietic, endothelial, and nonhematopoietic (mesenchymal, lacking CD45 expression) lineages, and participate in vascular and myocardial regeneration. [3] [4] [5] [6] [7] [8] CD133 is a 5-transmembrane antigen of primitive stem cells that is lost during maturation, and dual expression of these markers (CD34+/CD133+) identifies a PC-enriched subpopulation. 9, 10 Coexpression of vascular endothelial growth factor receptor 2 (VEGFR2) seems to identify a rarer subpopulation of CPCs further enriched for endothelial progenitors. 11, 12 Last, coexpression of the chemokine (C-X-C motif) receptor 4 (CXCR4) that promotes homing of CPCs to stromal-derived factor-rich hypoxic environments characterize CD34+ CPCs with capacity for tissue repair. 13 We have previously demonstrated that the number of CPCs are decreased with aging and in women and are predictive of adverse outcomes in patients with CAD, peripheral artery disease, and heart failure. [14] [15] [16] [17] [18] Acute myocardial infarction (AMI) is accompanied by a transient increase in the numbers of CPCs, [19] [20] [21] attributed largely to the increased production of chemo-attractants, such as VEGF in the ischemic myocardium that stimulates PC mobilization from the bone marrow into the circulation to effect neovascularization and repair. 22, 23 A previous small study found a significant correlation between CPCs at 1-year post-AMI and left ventricular remodeling, suggesting that a robust pool of CPCs is necessary for adequate repair. 24 Whether the magnitude of CPC response predicts longer term outcomes in AMI remains unknown. We aimed to investigate (1) the numbers of CPCs in subjects with ACS in comparison to those with stable CAD, (2) the relationship between bone marrow PCs and CPCs in AMI, and (3) whether CPC counts predict clinical outcomes. Our hypothesis was that CPC counts will be significantly higher in patients with AMI compared with those with stable CAD, and lower levels will be associated with adverse long-term outcomes.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design
We identified 1446 adults from the Emory Cardiovascular Biobank, a prospective registry of adult patients undergoing cardiac catheterization for suspected or confirmed CAD, and 582 subjects from the MIPS (Mental Stress Ischemia Prognosis Study), a prospective study that recruited patients with stable CAD between June 2011 and August 2014, as previously described. 25, 26 All subjects had angiographic evidence of CAD. We excluded patients with history of cardiac transplantation on immunosuppressive agents. CPC counts were measured from peripheral blood samples at the time of enrollment at the time of the angiogram which is often within <48 hours of presentation. Demographic characteristics, medical history, medication use, and behavioral habits were documented as previously described. 25, 26 Both studies were approved by the Institutional Review Board at Emory University (Atlanta, GA). All subjects provided written informed consent.
ACS was diagnosed according to the American College of Cardiology/American Heart Association guidelines; unstable angina (UA) was defined as worsening of angina class or ischemic chest pain at rest of >30 minutes, necessitating hospital admission with either ST-segment deviation of at least 0.1 mV or new T-wave inversion in 2 contiguous leads without creatine kinase or troponin rise. AMI was defined by the presence of self-reported chest pain and evidence of cardiac ischemia on 12-lead ECG or elevated cardiac enzymes greater than twice the upper limit of normal with angiographic findings consistent with AMI diagnosis. In addition, patients with AMI were classified into ST-segment-elevation myocardial infarction (STEMI) or non-ST-segment-elevation myocardial infarction (NSTEMI) based on ECG finding (ST elevation of 0.1 mV or more in at least What New Information Does This Article Contribute?
• Acute myocardial infarction, but not unstable angina, is associated with mobilization of progenitor cells.
• The numbers of progenitor cells mobilized are proportional to their bone marrow content.
• Low circulating progenitor cell counts, reflective of reduced regenerative capacity, are predictive of higher mortality in individuals presenting with an acute coronary syndrome.
Progenitor cells are mobilized from the bone marrow into the circulation after tissue injury. Compared with patients with stable coronary artery disease, those with an acute myocardial infarction had significantly higher circulating levels of hematopoietic and endothelial progenitor cells. Circulating progenitor cell counts closely reflected their counts in the bone marrow. Decreased regenerative capacity, measured as lower levels of circulating progenitor cells, is an independent predictor of higher mortality and recurrent myocardial infarction rate. Progenitor cell counts thus identify high-risk individuals after myocardial infarction. Novel therapies aimed at enhancing progenitor cell activity, including cell therapies, may be beneficial in patients with impaired endogenous regenerative capacity.
Validation Cohort
To validate the association between CPCs and mortality, we performed a separate analysis in an independent cohort of 238 subjects with ACS enrolled between 2006 and 2008 at Emory University-affiliated hospitals (Online Table I ). Both cohorts were enrolled under the same protocol, with identical sampling strategies and collection methods but separated in time and by a modified cell quantification methodology.
Progenitor Cell Assays
Peripheral blood was collected in EDTA tubes and incubated with fluorochrome-labeled monoclonal antihuman mouse antibodies within 4 hours. Cell populations enriched for PCs were enumerated using flow cytometry as CD45dim cells coexpressing hematopoietic-enriched markers (CD34+, CD133+, or CXCR4+) and endothelial-enriched subsets (VEGFR2+). We incubated 300 μL of peripheral blood with 7 μL of fluorescein isothiocyanate-CD34 (BD Biosciences), PerCP-CD45 (BD Biosciences), PE-VEGFR2 (R&D system) and 5 μL APC-CD133 (Miltenyi), and 3 μL PE-Cy7-conjugated anti-CXCR4 (EBioscience, clone 12G5) in the dark for 15 minutes. Then 1.5 mL ACE/ARB indicates angiotensin-converting enzyme inhibitors/angiotensin-receptor blockers; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CXCR4, chemokine (C-X-C motif) receptor 4; GFR, glomerular filtration rate; IQR, interquartile range; PCI, percutaneous coronary intervention; and VEGFR, vascular endothelial growth factor receptor.
*P value for overall comparison between stable CAD vs unstable angina vs non-ST-segment-elevation myocardial infarction vs ST-segment-elevation myocardial infarction. ammonium chloride lysing buffer was added to lyse red blood cells. A total of 1.5 mL staining medium (PBS with 3% heat-inactivated serum and 0.1% sodium azide) was added to stop the lysing reaction. Before flow cytometry, 100 μL of AccuCheck Counting Beads (Invitrogen, Cazt no. PCB100) were added to act as an internal standard for direct estimation of the concentration of target cell subsets. At least 2.5 million events were acquired from the cytometer. Flow data were analyzed with Flowjo software (Treestar, Inc). Absolute mononuclear cell count was estimated as the sum of lymphocytes and monocytes using a Coulter ACT/Diff cell counter (Beckman Coulter). CPC populations are reported as cell counts/mL. In 20 samples that were repeatedly analyzed on 2 occasions by the same technician, the coefficients of variation of the cell types were as follows: CD34+ 2.9%; CD34+/CD133+ 4.8%; CD34+/CXCR4+ 6.5%, and CD34+/CD133+/CXCR4+ 7.5%, CD34+/VEGFR2+ cells 21.6%. There were significant correlations between the CPC subtypes, with moderate-strong correlations between CD34+, CD34+/CD133+, CD34+/CXCR4+ (r range, 0.82-0.91; P<0.001), and weak correlations (r range, 0.08-0.29; P<0.001) between CD34+/VEGFR2+ subtypes and the aforementioned CPCs.
In the validation cohort, similar methods were used to enumerate CPCs but without the addition PE-Cy7-conjugated anti-CXCR4 or AccuCheck Counting Beads.
Progenitor Cells Assays in the Bone Marrow Aspirate
To compare PC counts in the bone marrow with CPCs, we studied 20 subjects enrolled in the PreSERVE-AMI study ( 27 a phase II randomized double-blind placebo-controlled trial (ClinicalTrials.gov identifier: NCT01495364) that enrolled patients with an acute STEMI and ejection fraction ≤48%. Between 4 and 9 days post-STEMI, we simultaneously obtained bone marrow aspirates and peripheral blood to investigate the relationship between PC subsets in the bone marrow and circulation.
Follow-Up and Outcomes
Patients were followed for determination of the primary outcome of all-cause death and the secondary outcomes of cardiovascular death. Cardiovascular death was defined as death attributable to an ischemic cardiovascular cause, including fatal myocardial infarction, ischemic stroke, or sudden death, secondary to presumed cardiovascular cause. Follow-up data were obtained by phone contact, electronic medical record review, and data from the social security death index and state records. Adjudication was conducted by personnel blinded to the data. One-year follow-up data were available for 95% of patients with ACS.
Statistical Analysis
Subject characteristics were reported as descriptive statistics with means, medians, SDs, and ranges. Differences between groups were assessed using the t test for continuous variables and χ 2 or Fischer exact tests for categorical variables where appropriate. Spearman rank correlation coefficients were used for examining associations between Figure 1 . Boxplots demonstrating the number of circulating progenitor cells (cell/mL) in patients with stable coronary artery disease (CAD), unstable angina (UA), and acute myocardial infarction (AMI).
CPCs and continuous variables. Two-sided P<0.05 was considered statistically significant. For non-normally distributed variables, such as CPCs counts, Mann-Whitney U test was used to compare groups in unadjusted analyses. For multivariable analyses, CPC counts were examined as continuous variables after log-transformation to achieve normality. Using the discovery cohort, we identified an optimal cutoff value using receiver operating characteristic analyses and Youden index (sensitivity+specificity−1) and applied this threshold (as a percentile equivalent of the absolute value) in the validation cohort (Online Figure I) . The following cutoffs were used: 2200 cells/mL for CD34+ cells (67th percentile) and 1188 cells/mL for CD34+/CD133+ cells (70th percentile). Characteristics incorporated in multivariable analyses included variables that correlated in bivariate analysis with the outcome studied. In a separate analysis, we also used stepwise backwards regression to reach a final set of variables for each outcome with P<0.1 as the threshold to retain a variable and obtained similar results. The association between CPC counts and outcomes was examined in Kaplan-Meier and Cox regression models. For outcomes including allcause death and cardiovascular death, we used competing risk analysis by treating noncardiovascular death as competing risk event. Analyses were performed using IBM SPSS Statistics version 22, (Armonk, NY).
Results
Of 2028 patients enrolled in this study, 346 patients had UA, 160 had NSTEMI, 23 had STEMI, and the remaining 1499 patients had stable CAD. Baseline characteristics of the cohort aged 65±12 years are included in Table 1 .
Progenitor Cells and ACS
CPC counts were not significantly different in those with UA compared with stable CAD. Compared with subjects with stable CAD or UA, all subsets of CPC counts were significantly higher in those with AMI ( Figure 1 ). All CPC counts were similar in those with NSTEMI and STEMI, except for CD34+/ VEGFR2+ PCs that were higher in patients with STEMI (Table 1) . After adjustment for clinical characteristics, including age, sex, race, body mass index, renal function, hypertension, diabetes mellitus, hyperlipidemia, and smoking, presence of AMI was independently associated with a 19%, 25%, 28%, and 142% higher CD34+, CD34+/CD133+, CD34+/CXCR4+, and CD34+/VEGFR2+ CPC counts, respectively (Table 2) . These associations remained significant after adjustment for mononuclear cell count such that AMI was associated with 20%, 22%, 30%, and 189% higher CD34+, CD34+/CD133+, CD34+/CXCR4+, and CD34+/VEGFR2+ CPC counts.
Predictors of Progenitor Cells in AMI
In subjects with AMI presentation, younger age was the only independent predictor of higher numbers of CD34+ and CD34+/ CXCR4+ cells; for each decade of younger age, CD34+ counts were 11% higher (95% confidence interval [CI], 0.6%-22.5%; P=0.04) and the CD34+/CXCR4+ counts 12.4% higher (95% CI, 0.6%-25.6%; P=0.04). Estimated glomerular filtration rate (GFR) was a predictor of CD34+/VEGFR2+ PC counts, such that a 10 mL/min per 1.73 m 2 higher GFR was associated with an 18.3% (95% CI, 4.4%-34.0%; P=0.009) higher CD34+/ VEGFR2+ PCs. CPCs did not correlate with the extent of AMI measured as peak troponin concentration (P>0.3).
Correlation Between Peripheral and Bone Marrow Progenitor Cells Post-AMI
In 20 subjects with STEMI enrolled in the PreSERVE-AMI trial, PC subsets were measured in the bone marrow and peripheral blood concomitantly. Figure 2 illustrates the moderate to strong positive correlations between the concentrations of CD34+, CD34+/CD133+, CD34+/CXCR4+, and CD34+/VEGFR2+ subsets in the bone marrow and the peripheral circulation.
Progenitor Cell Counts and Outcomes in ACS
Among 529 patients presenting with an ACS, during a median follow-up period of 2.0 (interquartile range 1.3-2.9) years, there were 63 (12.4%) deaths from all causes, 41 (8.1%) of which were from cardiovascular causes. CPC were enumerated at the time of the angiogram. In univariate analyses, subjects with low hematopoietic-enriched CPC subsets (CD34+, CD34+/CD133+, and CD34+/CXCR4+) had higher all-cause mortality rates ( Figure 3A) . In Cox regression models, these CI indicates confidence interval; CXCR4, chemokine (C-X-C motif) receptor 4; GFR, glomerular filtration rate; and VEGFR, vascular endothelial growth factor receptor.
results remained significant both as continuous and categorical variables after adjusting for clinical variables that correlated with CPC counts or the outcomes studied (age, sex, body mass index, heart failure history, estimated GFR, and AMI). Thus, subjects with CD34+ cell counts below versus above the optimal cutoff identified using receiver operating characteristic curve had a 2.55-fold increase in the risk of death compared (95% CI, 1.26-5.17; P=0.009). CD34+/CD133+ and CD34+/ CXCR4+ cells had similar associations with all-cause mortality (Table 3) . The results remained significant even after adjusting for peak troponin and ejection fraction values. However, no association was found between CD34+/VEGFR2+ cells and all-cause mortality. In sensitivity analyses, the predictive value of CPCs was not different in those presenting with UA versus AMI, interaction P=0.73. Similarly, in an adjusted model, CD34+ and CD34+/CXCR4+ subsets were predictive of cardiovascular death (Online Table II ). Thus, subjects with CD34+/CXCR4+ cell counts within the lowest tertile had a 2.61-fold increase (95% CI, 1.05-6.47; P=0.04) in the risk of cardiovascular death compared with those in the highest tertile.
Validation Analysis
The associations between CPC subsets and mortality were validated in an independent cohort of 238 subjects with ACS (83% UA, 15% NSTEMI, and 2% STEMI). Over a median 5.3 (interquartile range, 2.1-7.1)-year follow-up period, 41 (17%) patients died. Baseline characteristics are shown in Online  Table I . The results reaffirmed a similar association between low CPC counts analyzed as continuous variables and higher mortality (Table 4 ). In addition, we applied the optimal cutoff values from the discovery cohort to the validation cohort and demonstrated a significant correlation between lower CPC counts and a higher mortality rate (Table 4 ; Figure 3B ) after adjustment for the abovementioned clinical variables. The associations between CPCs and mortality in the pooled cohorts (745 subjects) are shown in Figure 4 .
Discussion
Our study shows that CPC levels are significantly higher in patients after an AMI compared with those with stable CAD. In Figure 3 . Kaplan-Meier curves for association between progenitor cells subsets and all-cause death. A, Kaplan-Meier curves for association between hematopoietic-enriched circulating progenitor cell (CPC) subsets and all-cause death in discovery cohort. Blue lines represent subjects with CPCs above threshold cutoff, and red lines represent those below threshold cutoff. B, Kaplan-Meier curves for association between hematopoietic-enriched CPC subsets and all-cause death in validation cohort. Blue lines represent subjects with CPCs above threshold cutoff, and red lines represent those below threshold cutoff.
these patients, the numbers of CPCs closely reflect their content within the bone marrow. More importantly, our study is the first to demonstrate that among patients with ACS, a lower number of CPCs, particularly those enriched for hematopoietic PCs, is associated with a higher mortality. Our results were validated in 2 independent cohorts totaling >700 subjects. Our findings confirm previous data demonstrating an increased time-dependent mobilization of PCs to the peripheral circulation in those with AMI. 21, 24 Mobilization of PCs starts within a few minutes of an AMI, peaks after several days and normalizes within 60 days. 20 The myocellular necrosis triggers an acute inflammatory response with hypoxia-dependent upregulation of hypoxia-inducible factor 1α , that in turn stimulates expression of stromal cell-derived factor-1α that constitutes a homing signal for recruitment of CPCs to ischemic tissues. 28, 29 This homing of CPCs to the areas of ischemia promotes local repair and regeneration 30 by preventing apoptosis of cardiomyocytes, secretion of insulin growth factor-1, stimulation of angiogenesis by paracrine secretion of angiogenic growth factors, and recruitment of local stem cells. 31 Hypoxia-inducible factor 1α activation also promotes synthesis and release of VEGF that circulates in higher concentrations and stimulates nitric oxide-dependent increase in matrix metallopeptidase 9 in the bone marrow, which in turn leads to release of PCs from their bone marrow niches. 32 Variations in PC mobilization may also be because of differences in endogenous release of granulocyte-colony stimulating factor that also promotes mobilization of CPCs from the bone marrow. 33 Combined, these processes contribute to PC mobilization after AMI and to ultimate repair and regeneration of cardiac and vascular tissue.
To date, it has been unclear whether low numbers of CPCs in the setting of AMI is a consequence of depletion of the PC pool in the bone marrow or because of impairment in the release of PCs from the bone marrow. One small study showed moderate correlation between peripheral blood and bone marrow CD34+CD133+ cell subsets. 34 Another study demonstrated weak correlation between circulating CD34+/CD133+ PCs and functional capacity of bone marrow-derived mononuclear cells in patients with heart failure. 31 Our data in patients with STEMI showed a robust correlation between bone marrow and peripheral PCs, suggesting that low CPC counts are largely because of exhaustion of PCs in the bone marrow. Reduced CPC counts may also be a marker of advanced illness because of several risk factors and advanced age leading to bone marrow suppression and cell senescence. 14, 35 Although the higher number of CPCs in patients with AMI could be partly related to the physiological increase in the number of white blood cells or mononuclear cells, the increase of CPCs remained significant after adjusting for the mononuclear cell count.
We found no differences in CPC levels between patients presenting with UA compared with those with stable CAD, suggesting that myocardial necrosis and not ischemia is the more potent stimulus for mobilization of PCs from the bone marrow. Our findings differ from a previous study that ACS indicates acute coronary syndrome; CI, confidence interval; CPC, circulating progenitor cell; CXCR4, chemokine (C-X-C motif) receptor 4; HR, hazard ratio; and VEGFR, vascular endothelial growth factor receptor. Adjusted for age, sex, body mass index, heart failure history, estimated glomerular filtration rate, and acute myocardial infarction. ACS indicates acute coronary syndrome; CI, confidence interval; CPC, circulating progenitor cell; CXCR4, chemokine (C-X-C motif) receptor 4; HR, hazard ratio; and VEGFR, vascular endothelial growth factor receptor. Adjusted for age, sex, body mass index, heart failure history, estimated glomerular filtration rate, and acute myocardial infarction.
reported significantly higher CPC levels in unstable compared with stable angina patients. 36 However, that study included relatively small number of patients and used culture assays to quantify PCs, an assay that remains controversial as a measure of circulating PCs. We recently reported that exercise-induced myocardial ischemia was associated with a significant and transient decrease in CPC counts, likely because of stromal cell-derived factor-1α-mediated homing to the ischemic myocardium. 37 As previously reported, we also did not observe a relationship between the infarct size, evaluated by peak troponin levels and CPC counts. 24 It is likely that cytokines, such as VEGF and stromal cell-derived factor-1α, are better measures of PC mobilization, and as discussed above, the bone marrow reserve of PCs seems to be a major determinant of the magnitude of PC mobilization observed in AMI.
In our study, age was the only predictor of CPC levels after AMI. Several studies have reported a negative impact of advanced age on PC mobilization in response to AMI or cytokine administration. 14, 38, 39 In addition, experimental studies in mice models showed that the protective effect of the bone marrow mononuclear cells against atherosclerosis is diminished in advanced compared with young age. 40 In spite of the growing number of early-phase clinical trials demonstrating the beneficial effects of intracoronary administration of PCs after AMI, to date, little is known about the importance of the physiological release of PCs after AMI and its impact on survival. 41, 42 Adverse myocardial remodeling after AMI is largely unpredictable but is associated with an unfavorable prognosis. 1 In rodents, improvement in adverse myocardial remodeling and survival post-AMI was observed after administration of bone marrow-derived PCs. 24, 43, 44 Whereas 1 small clinical study found an association between CD34+/CD133+ PCs and preservation of left ventricular function after an anterior AMI, this was not supported by another study. 45, 46 The angiogenic capacity of CPCs was reported in 1 study to correlate with myocardial recovery. 47 One pooled analysis from 3 clinical trials showed that increased bone marrow CD34+ percentage after AMI correlated with a greater improvement in left ventricular function. 34 In one of the largest study to date, herein we demonstrate a strong and independently predictive value of CPC counts in patients presenting with an ACS, suggesting that the mobilization of CPCs plays a critical role in remodeling, preventing left ventricular dilatation, and promoting functional recovery.
Another interesting finding from our study is that hematopoietic but not endothelial-enriched CPC counts were predictive of adverse outcomes. In experimental animals, endothelial-enriched CPCs were shown to promote neoangiogenesis and hematopoietic-enriched CPCs contributed to myocardial regeneration. 48 We have previously shown no association between endothelial-enriched CPC subset and cardiovascular outcomes in patients with stable CAD, which could be in part because of their low frequency and poor reproducibility of measurement compared with the more frequent hematopoietic-enriched CPC subsets. 25 Strengths of our study include the large numbers investigated, long-term follow-up, and the detailed exploration of PC phenotypes in various ACS subsets. Limitations include lack of functional PC assays and single sampling at varying time points after the AMI that depended on when patients' underwent cardiac catheterization. However, previous studies have clearly demonstrated the time course of CPC elevation after AMI to last several days. 
